A Vapor Absorption Refrigeration (VAR) system driven by the exhaust gas waste heat received from the internal combustion engine of an intercity bus is modeled and analyzed for air-conditioning the intercity bus cabin under different operating parameters. Initially, the hourly comfort cooling load of the intercity bus is calculated for a cooling season spanning five months between May and October in Turkey. After determining the capacity of heat source sufficiency for air-conditioning the intercity bus, energy and exergy analyses of the VAR system are conducted, then designed and compared with the vapor compression refrigeration system in respect to the effect of fuel consumption. The results show that approximately 4,489 kg/year of fuel can be saved by using the VAR system driven by an exhaust gas waste heat in an intercity bus. The maximum coefficient of performance (COP) of the VAR system is obtained as 0.78 at 5 a.m. in May, and the maximum total exergy destruction for the VAR system is obtained as 15.25 kW at 4 p.m. in July. Lastly, the specific time is selected to investigate the effect of operating and environmental parameters on the VAR system.
INTRODUCTION
A large amount of waste heat is released to the ambient from the internal combustion engines in the automotive industry. There are several methods to utilize waste heat to meet the energy requirement of a refrigeration or air-conditioning process. Air-conditioning of the cabin, especially for vehicles with large cabins such as intercity buses, requires considerable mechanical energy input, ranging from 5 kW to10 kW. One of the methods that is suitable in terms of energy efficiency and economic feasibility is to utilize the waste heat of exhaust gas for the implementation of Vapor Absorption Refrigeration (VAR). The VAR system provides the required cooling by the evaporator component, which is also the case for a Vapor Compression Refrigeration (VCR) system. The VAR system requires heat energy to be driven because there is a physico-chemical process in the cycle, whereas a VCR system requires mechanical energy to drive the system. Commercial VAR systems generally use two different working solutions-ammonia-water (ammonia is refrigerant) and water-LiBr (water is refrigerant). While the VAR system using ammonia-water is preferred for refrigeration processes requiring low temperatures, the VAR system using water-LiBr is preferred for air-conditioning applications [1] [2] [3] [4] .
Several methods were applied for recovering waste heat from exhaust gases of the internal combustion engines [5, 6] . The researchers claimed that utilizing exhaust gas waste heat received from engines in the VAR systems could be an alternative for cooling applications [7, 8] . When using the VAR system driven by waste heat of exhaust gas, some applications require low temperature refrigeration such as the truck refrigeration system used for preserving the perishable food during the transportation. Koehler et al. [9] investigated a VAR system driven by waste heat received from the exhaust gases for truck refrigeration. For that refrigeration purpose, they designed and constructed a prototype of an absorption refrigeration system and finally tested it under various operational conditions. The system was also evaluated at different cases including city traffic, mountains and plain road. The results of their investigations indicated that the COP value of the prototype was around 0.27, which could be improved beyond that value, and that the system could be an alternative for long-distance plain road transportation. Another experimental research work were conducted on the application of a low-temperature refrigeration system by Horuz [10] , who aimed to investigate the performance of a VAR system driven by waste heat received from exhaust gases under different conditions. Many other researchers [11, 12] studied VAR systems driven by waste heat from exhaust gas for air-conditioning vehicle cabins. They all confirmed the feasibility of the VAR system application.
Kilic and Kaynaklı [13] conducted a second law-based thermodynamic analysis of a VAR system using water-LiBr as the working fluid pair. They found that the highest rate of exergy loss at the generator corresponds to the rate of 45.68% of total exergy loss, and the lowest rate of exergy loss occurs at the pump and corresponds to the rate of 0.0034% of total exergy loss. Effects of varying the generator temperature on the exergy loss rate of each component and on the exergy efficiency of the VAR system were investigated. Şencan et al. [14] performed studies on the exergy analysis of a single-effect VAR system using water-LiBr solution. They found that the highest exergy loss occurs through the absorber and the lowest exergy loss occurs through the evaporator. Talbi and Agnew [15] also conducted an exergy analysis on a single-effect VAR system using water-LiBr solution. Gomri [16] made a comparison between single-effect and double-effect VAR systems in terms of the second law of thermodynamics. The obtained results reveal that the maximum COP of the single-effect VAR system is 0.79 and that the maximum COP of the double-effect VAR system is 1.42. In addition, the maximum exergy efficiency of the single-effect VAR system is about 23.2%, whereas the maximum exergy efficiency of the double-effect VAR system is approximately 25.1%. Energy and exergy analyses were conducted by Kaynakli et al. [17] on the double-effect VAR system to determine the effects of heat source types. They chose three types of heat sources, including hot air, steam, and hot water, to drive the system. Their results reported that the maximum exergy destruction occurs through the double-effect VAR system when hot air is used as the heat source. A few of the researchers analyzed the VAR system on an hourly basis of cooling load and solar power for air-conditioning applications. Another research was conducted by Arora et al. [18] on double-effect VAR system. An exergy analysis of a solar-assisted VAR system was performed by Onan et al. [19] .
In this study, energy and exergy analyses are conducted for an application of the VAR system for airconditioning an intercity bus cabin with atmospheric data such as ambient temperature, solar radiation, and relative humidity on an hourly basis. The second objective is to investigate the effects of operating and environmental parameters on the system performance and exergy destruction of the system. Therefore, the advantages of VAR system application for air-conditioning purpose for an intercity bus cabin is presented at different conditions in terms of fuel saving, emissions and weight. To perform the analysis, components of a VAR system using water-LiBr solution as the working fluid are investigated in detail with respect to the variation of ambient parameters.
SYSTEM DESCRIPTIONS Vapor Absorption Refrigeration System
Condenser Generator As seen in Figure 1 , the single-effect VAR system consists of the evaporator, condenser, generator, absorber, solution heat exchanger, solution pump, solution throttle valve, and refrigerant throttle valve. The generator, solution heat exchanger, and condenser operate at high pressure, and the evaporator and absorber operate at low pressure. The generator receives heat from exhaust gas. The absorber and condenser are cooled with ambient air and the evaporator takes heat to provide refrigeration.
Operating Conditions of the VAR System
In the modeled system, the generator of the VAR system is coupled with the exhaust system of the intercity bus to utilize waste heat of exhaust gas received from the 6-cylinder, 4-stroke turbocharged diesel engine that drives the bus. The data shown in Table 1 are taken from Yilmaz [20] and Shu et al. [21] . The gas mixture method [21] is applied to determine the exhaust gas properties, including specific heat, enthalpy, and entropy. For example, enthalpy of exhaust gas is calculated as follows and , is the mass fraction of each individual gas in the exhaust gas. 
Considering the highest and lowest ambient temperatures (because ambient temperature determines the condenser outlet temperature, so does the generator pressure) in terms of the VAR system performance, the generator temperature is chosen as 110 ºC. The exhaust gas mass composition (CO 2 The evaporator is used in a TS 45 type intercity bus cabin belonging to TEMSA Bus Company to meet the comfort cooling load calculated for Adana province in Turkey. For performing energy and exergy analyses, temperature and humidity in the bus cabin are taken as 24 ºC and 50%, respectively. The other main components, such as the condenser and absorber, are integrated into the bus appropriately, and they release heat to the medium of outdoor air. Temperatures of the condenser and absorber are determined to be T A +14 ºC [22, 23] . A simulation was prepared using Engineering Equation Solver (EES) software [24] for applying the energy and exergy analyses of the single-effect VAR system. In the analyses, the properties of water/steam and the enthalpy of water-LiBr were obtained from the EES library. The density and specific heat of water-LiBr were obtained from Florides et al. [25] and the entropy of water-LiBr was obtained from Chua et al. [26] .
Hourly environmental temperature and the relative humidity values taken from the Turkish State Meteorological Service are shown in Figures 2(a) and 2(b), respectively. As is shown, the environmental temperature reaches a maximum of 38 ºC at 3 p.m. in July and August and a minimum 23.4 ºC at 5 a.m. in May. Maximum relative humidity is 73% at 6 a.m. in September, and the minimum is 48% at 4 p.m. in June and at 5 p.m. in July.
Assumptions
The following assumptions were made [16, 17] :  All system components are at steady-state conditions.  Refrigerant leaving the condenser is saturated water at condenser pressure, and refrigerant leaving the evaporator is saturated vapor at evaporator pressure.  Condenser pressure is equal to generator pressure, and evaporator pressure is equal to absorber pressure.  There is no pressure drop in the heat exchangers or piping systems.  There are no heat losses or gains in the various components and piping systems.  Temperature and pressure at the reference state are 298 K and 101.325 kPa, respectively. Enthalpy and entropy of the working fluid at the reference state used for calculating the exergy of the VAR system are equal to the values of water at an environmental temperature and pressure of 25 ºC and 101.325 kPa, respectively.  The kinetic, chemical, and potential exergy of all streams of the VAR system are negligible.  The solution pump efficiency is 0.9.  The specific humidity is constant for heat exchangers in the VAR system.
Thermodynamic Analysis of the VAR System
Mass balance and energy conversion methods are implemented to determine and optimize the capacity of the components and the COP value of the VAR system. These methods provide any necessary information about the irreversibility of the components of the VAR system. Cengel and Boles [27] reported that entropy production and exergy destruction analyses could be utilized to set up principles for the performance of engineering systems such as absorbers, generators, condensers, and evaporators. Entropy production can be used as a quantitative degree of irreversibilities related to the processes. The performance of engineering systems is decayed by the existence of irreversibility during processes. An increase in irreversibilities increases entropy production. There is no irreversibility in a reversible process, but reversible processes, in fact, do not occur in nature. In addition, reversible processes can be considered to be theoretical limits for the related irreversible processes. For that reason, exergy analysis is substantially important for the performance of a vapor absorption refrigeration system [19, 21] .
Exergy is defined as the maximum work potential of a matter or a form of energy with respect to its reference environment [13] .
The mass balance equations for the system components are as follows:
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The flow ratio, , is a parameter that helps to calculate the heat capacities of the components of VAR system. The LiBr balance of the generator is used to obtain the flow ratio, which is defined as the ratio of the strong solution of mass flow rate, ̇ to the refrigerant mass flow rate, ̇ .
General energy and exergy balance equations are given as follows [23] :
̇= ̇
= ℎ ℎ
Heat capacity, ̇, and exergy destructions, ̇ , obtained from energy and exergy balances of each of the components of the VAR system illustrated in Figure 1 can be expressed as follows [14, 15] :
RESULTS AND DISCUSSION
To validate the present model, the simulation results were compared with the previous works available in the literature. The comparative heat capacities, ̇, coefficients of performance, COP, and exergy destructions, ̇ of the VAR system are presented in Table 2 . For validations, the following input parameters were used: T GE = 87.8 ᵒC, T EV = 7.2 ᵒC, T CO = T AB = 37.8 ᵒC, the effectiveness of solution heat exchanger, ϵ = 0.7, and refrigerant mass flow rate, ̇ = 1 kg/s. As seen, the results obtained from the present simulation are in good agreement with the literature. The heat capacity of evaporator, ̇ , is equal to the hourly comfort cooling load of the subject bus model. As seen in Figure 3(a) , the minimum heat capacity of the evaporator, ̇ , is 13.17 kW at 6 a.m. in September, and the maximum heat capacity of the evaporator, ̇ is 25.96 kW at 5 p.m. in July. As expected, the comfort cooling load at night hours is lower than in day hours. The trend of hourly exergy destruction, ̇ , values shown in Figure 3 (b) is similar to that of the heat capacity of the evaporator. The highest exergy destruction, ̇ occurring in the evaporator is 0.9631 kW at 5 p.m. in July, and the lowest exergy destruction, ̇ occurring in the evaporator is 0.4885 kW at 6 a.m. in September. The COP variation of the VAR system is shown in Figure 4 (a). The maximum COP value of the VAR system is 0.778 at 5 a.m. in May, and the corresponding outdoor temperature, T o , is 23.4 ºC. The minimum COP value of the VAR system is 0.6628 at 3 p.m. in July and August, and the corresponding outdoor temperature is 38 ºC. Figure 4(b) shows the hourly variation of total exergy destruction, ̇ for the VAR system. The lowest total exergy destruction, ̇ value is 8.69 kW at 6 a.m. in September and the corresponding outdoor temperature, T o , and relative humidity, RH are 24.7 ºC, 73%, respectively. The highest total exergy destruction, ̇ value is 15.25 kW at 4 p.m. in July and the corresponding outdoor temperature, T o , and the relative humidity, RH, are 37.6 ºC, 48%, respectively. The results indicate that the COP of the system decays in day hours and rises at night. On the other hand, the total exergy destruction increases in day hours and decays at night.
To present the benefits of a VAR system driven by exhaust gas waste heat received from the engine, the results for using a conventional VCR system driven by the engine by a belt drive should be studied for the purpose of comparison. The COP variation of the VCR system and the compressor (which is the main energy consumer in the basic VCR system) load variations on an hourly basis during the cooling season are presented in Figures 4(c) and 4(d) . The temperatures of the evaporator and condenser for the VCR and VAR systems are assumed to be equal. The VCR system is assumed for the calculations to use R134a refrigerant as a working fluid. The calculated results reveal that the maximum coefficient of performance, COP, is equal to 3.9 and that the minimum COP is equal to 2.67, based on the outdoor temperatures. A similar trend is obtained for the VAR system. It is worth mentioning that the compressor of the VCR system consumes considerable energy, as seen in Figure 4 (d). Specifically, this power input varies between 3.84 kW and 9.57 kW. When the compressor load is at maximum, it consumes approximately 9% of the power received from the engine when the engine works 50% load. Figure 4 (e) shows the hourly variation of fuel consumption of the VCR system. First, the specific fuel consumption by the engine is calculated as follows [30] :
At equation (24) , lower heating value of diesel fuel is taken as 0.0119531 kWh/g [30] and engine efficiency is taken from Table 1 .
Then the fuel consumption is calculated by using brake-specific fuel consumption (BSFC) and the energy required by the compressor [31] . As can be seen from the figure, the fuel consumption of the compressor varies between 698.56 g/h and 1919.31 g/h. If the air conditioning system works through the cooling season, the compressor consumes fuel at the rate of 4,489 kg/year. This value is crucial because it releases emissions after the combustion process and because the consumption of fossil fuel causes vitally important environmental problems. The hourly variation of CO 2 emission caused by the VCR system is shown In Figure 4 (g). It varies between 2,242.08 g/h and 6,160.16 g/h during the cooling season. If the air conditioning system works through the entire cooling season, the total of released CO 2 emission is calculated as 14,407.05 kg/year. emission of the VCR system The fuel consumption values and CO 2 emission quantities are calculated for the engine under 50% load. The weight issue should also be considered when the use of a VAR system driven by exhaust gas is investigated for an intercity bus. So, the VAR system components are designed and constructed by using heat and mass transfer calculations. The heat transfer capacity of the main components of the VAR system is calculated as follows;
̇=
The overall heat transfer coefficient, U can be determined as shown below;
where the thermal resistance is represented by R.
=
Here, ΔT 1 and ΔT 2 are presented as = and = .
All of the components, except solution heat exchanger, are designed to be circular finned tube heat exchanger. Circular fins are suited at the outside of the tubes. While air and exhaust gas passes the outside of the finned tubes, the working fluid passes inside of the smooth tubes. For the calculation of the outside heat transfer coefficient, h o of heat exchangers, the Young and Brigs [32] equation is used which is stated below: = The inner side heat transfer coefficient of heat exchangers such as condensing, evaporating, film convection and mass transfer coefficient is calculated by guidelines of Florides [28] and Garousi Farshi et al. [33] . The solution heat exchanger is designed as a double pipe heat exchanger and the equation stated below was used [33] : = Assumptions and calculated results to be applied for the present system are summarized in Table 3 . When taking the assumptions at Table 4 , the point that highest exergy destruction occurs is considered, see table 5.
As seen in Table 4 , the total mass of the components of VAR system is 349.14kg. Currently, the Temsa TS45 model intercity bus uses ES348 model VCR system belonging SAFKAR Company. The unit provides 32 kW cooling power capacity, and its mass with the piping system and compressor is approximately 200 kg. It is estimated that a 10% increase in the mass of the vehicle decreases the fuel economy by about 7% [34] . It can be seen that, considering TS45 intercity bus's gross vehicle mass rating of 23,360 kg [35] . And the calculated maximum capacity of the evaporator shown in Figure 3a , the mass increment of the present VAR system driven by exhaust gas, compared to that of the conventional VCR system for air conditioning purposes, may be ignored in terms of fuel consumption.
After examination of the parameters related to the conventional VCR system, computation of those parameters that affect the VAR system performance and exergy destruction at specified hours throughout the cooling season becomes significant. For example, the highest total exergy destruction for the present system occurs at 4 p.m. in July when the temperature and the relative humidity are 37.6 ºC and 48%, respectively. Figures 5-9 are prepared using the parameters given in Table 3 , and the effectiveness of the solution heat exchanger, ϵ, is taken as 0.7 in the analysis. Table 5 shows that the generator has the highest heat capacity, ̇, and exergy destruction, ̇ values. The smallest amount of heat capacity and exergy destruction occurs in the solution pump. Figure 5 . Relative exergy destruction of the VAR components (%) Figure 5 presents the rate of relative exergy destruction of the VAR system components. To show the effects of generator temperature, T GE , on the relative exergy destruction of the VAR system components, three different generator temperatures are examined. Because of the large heat capacity and temperature differences between streams, the highest relative exergy destruction occurs through the generator. Increasing the generator temperature upgrades the relative exergy destruction of the generator, absorber, condenser, evaporator, and refrigerant throttle valves because it decreases the total exergy destruction of the VAR system. The highest rate of relative exergy destruction of the generator is 72.04% at T GE = 115 ºC, and the lowest rate of relative exergy destruction of the generator is 71.67% at T GE = 105 ºC. The absorber has the second highest rate of relative exergy destruction, which is 10.6% at T GE = 115 ºC, but this rate decreases to a value of 9.93% at T GE = 105 ºC. The condenser and evaporator have approximately equal exergy destruction, which corresponds to 6.5% at T GE = 115 ºC. The smallest rate of relative exergy destruction occurs at the refrigerant throttle valve, and that is 0.93% at T GE = 115 ºC. Here the exergy destruction of the solution pump is ignored. Figure 6 shows the change of total exergy destruction, ̇ , and exergy destruction of generator, ̇ with generator temperature, T GE . The variation of parameters is investigated for three 
different (source) temperatures of waste heat of exhaust gas, T S, including 410 ºC, 420 ºC, and 430 ºC. The exergy destruction of the generator ̇ , tends to decrease with increasing generator temperature, T GE , and decreasing source temperature, T S . When the generator temperature increases, although the temperature of the weak solution at the generator inlet increases, the exergy of it decreases because of decreasing flow ratio, . Since the change rate of exergy at the generator inlet is higher than that of the other streams, the exergy destruction of the generator, ̇ decreases. Also, an increase in the exhaust gas outlet temperature, T o,exgas , makes a contribution to decrease the exergy destruction value of the generator. While the maximum exergy destruction of generator, ̇ is 13 kW at T S = 430 ºC and T GE =104 ºC, which corresponds to the rate of 21% reduction which represents a minimum value that is 10.18 kW at T S = 410 ºC and T GE = 118 ºC. On the other hand, the total exergy destruction, ̇ of the VAR system has a maximum value of 18.08 kW, which occurs at T S = 430 ºC and T GE = 104 ºC. However, the total exergy destruction, ̇ decreases with increasing generator temperature, T GE , and with decreasing source temperature, T S . Finally, it can be stated that the minimum total exergy destruction, ̇ , occurs with a minimum value of 14.3 kW at T S = 410 ºC and T GE = 118 ºC. Evaporator temperature (ᵒC)
Tot(Ts=410ᵒC) Tot(Ts=420ᵒC) Tot(Ts=430ᵒC) Figure 7 . Variations of total exergy destruction of the VAR system and exergy destruction of the generator based on variation of evaporator temperatures The effect of evaporator temperature, T EV , on the variation of total exergy destruction, ̇ of the system and exergy destruction of the generator, ̇ , is presented in Figure 7 . As illustrated in the figure, the exergy destruction of the generator, ̇ declines about 18% with increasing the evaporator temperature, T EV , but with decreasing the source temperature, T S . Upgrading the evaporator temperature provides a lower generator heat load, and exhaust gas outlet temperature rises. That increases the exergy value of exhaust gas at the generator outlet, leading the exergy destruction of generator, ̇ to decrease. The total exergy destruction, ̇ of the VAR system decays about 31% when the evaporator temperature, T EV , is increased but the source temperature, T S , is decreased. Figure 8 . The effect of relative humidity on the absorber and condenser parameters Figure 8 demonstrates changes of exergy destruction of the absorber and condenser and required mass flow rate to release heat to the ambient with changes in relative humidity, RH. Because the absorber and condenser are cooled by ambient air, changes of relative humidity, RH, of the ambient air influences only these components of the VAR system. In summary, variations of exergy destruction and required mass flow rate of condenser, ̇ and absorber, ̇ , against relative humidity, RH, are not rapid. The variations of the exergy destruction of the generator, ̇ , and the relative exergy destruction of the generator, which are valuable parameters, are shown in Figure 9 on the basis of the data given in Tables  1,4 and 5. As seen in the figure, exergy destruction of the generator, ̇ , as well as the relative exergy destruction of the generator, increases with increasing engine load. The lowest exergy destruction of the generator, ̇ , is 10.97 kW at an engine load rate of 50%. On the other hand, it is clearly seen that the maximum exergy destruction occurs with a value of 14.82 kW when the engine is run at a 100% load rate. The slope of the relative exergy destruction curve of the generator decreases sharply when the engine is run at a 75% load rate. In conclusion, the lowest relative exergy destruction rate of the generator is 71.91% at the engine load rate of 50%, but it increases to a maximum value of 77.57% at the engine load of 100%.
CONCLUSION
The Vapor Absorption Refrigeration system driven by waste heat of the exhaust gas received from the internal combustion engine is investigated for cabin air-conditioning purposes on an intercity bus in cooling season. To perform the energy and exergy analyses, a single-effect VAR system using water-LiBr solution is selected as working solution pair. Effects of environmental conditions and operating parameters on the system performance, exergy destruction, and heat capacities of various components of the VAR system are presented and discussed. The following conclusions can be drawn from the present research:
 During cooling season, the lowest heat capacity of the evaporator, which is 13.17 kW, is obtained at 6 a.m. in September, and the highest heat capacity of the evaporator, 25.96 kW, is obtained at 5 p.m. in July.  The maximum COP of the VAR system is calculated as 0.778 at 5 a.m. in May, and the minimum COP is calculated as 0.6628 at 3 p.m. in July and August.  Air-conditioning an intercity bus in cooling season by a VAR system driven by exhaust gas waste heat is possible, even at an engine load rate of 50%.  Approximately 4,489 kg/year of fuel can be saved by using the VAR system driven by an exhaust gas waste heat in an intercity bus during the cooling season. Thus, it prevents 14,407 kg/year of CO 2 emissions released to the environment.  The minimum total exergy destruction is obtained as 8.69 kW at 6 a.m. in September; conversely, the maximum total exergy destruction is determined to be 15.25 kW at 4 p.m. in July.  The relative exergy destruction of each components of the VAR system, except for the solution heat exchanger, tends to rise with rising generator temperature. The generator has the highest relative exergy destruction, which correspond to the rate of 71.93% at T GE = 110 ºC.  Finally, it is found that the total exergy destruction may be reduced by about 30% by increasing generator and evaporator temperatures and decreasing exhaust gas inlet temperature.
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